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Abstract

Neutrophils are classically defined as terminally differentiated, short-lived cells; however,
neutrophils can be long-lived with phenotypic plasticity. During inflammation, a subset of
neutrophils transdifferentiate into a population called neutrophil-DC hybrids (PMN-DCs)
having properties of both neutrophils and dendritic cells. While these cells ubiquitously
appear during inflammation, the role of PMN-DCs in disease remains poorly understood.
We observed the differentiation of PMN-DCs in pre-clinical murine models of fungal infec-
tion: blastomycosis, aspergillosis and candidiasis. Using reporter strains of fungal viability,
we found that PMN-DCs associate with fungal cells and kill them more efficiently than undif-
ferentiated canonical neutrophils. During pulmonary blastomycosis, PMN-DCs comprised
less than 1% of leukocytes yet contributed up to 15% of the fungal killing. PMN-DCs dis-
played higher expression of pattern recognition receptors, greater phagocytosis, and height-
ened production of reactive oxygen species compared to canonical neutrophils. PMN-DCs
also displayed prominent NETosis. To further study PMN-DC function, we exploited a gran-
ulocyte/macrophage progenitor (GMP) cell line, generated PMN-DCs to over 90% purity,
and used them for adoptive transfer and antigen presentation studies. Adoptively trans-
ferred PMN-DCs from the GMP line enhanced protection against systemic infection in vivo.
PMN-DCs pulsed with antigen activated fungal calnexin-specific transgenic T cells in vitro
and in vivo, promoting the production of interferon-y and interleukin-17 in these CD4+ T
cells. Through direct fungal killing and induction of adaptive immunity, PMN-DCs are potent
effectors of antifungal immunity and thereby represent innovative cell therapeutic targets in
treating life-threatening fungal infections.
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Author summary

Several patient populations including those with cancer or that receive organ-transplants
are at risk of life-threatening invasive fungal infections, in part due to reduced function or
numbers of white blood cells. Because of limitations in antifungal drug therapy, immune-
based strategies to augment white blood cells are desired to treat fungal infections.
Enhancing neutrophil immunity is one important therapeutic approach to treating deadly
fungal diseases. We describe a role for a poorly understood neutrophil called the neutro-
phil-dendritic cell hybrid (PMN-DCs) in antifungal immunity. PMN-DCs retain the
microbicidal function of neutrophils, while also acquiring the capacity of dendritic cells to
stimulate adaptive immunity. We show that PMN-DCs trigger adaptive immunity against
fungi and are potent killers of fungal pathogens. We investigated direct killing of medi-
cally relevant fungal pathogens by PMN-DC:s in preclinical mouse models and by deriving
PMN-DCs from a novel neutrophil cell line. We observed that PMN-DC:s killed fungal
cells better than typical neutrophils. We also demonstrated that administration of PMN-
DCs during systemic infection reduced fungal burden. Because PMN-DCs are such potent
killers of fungal cells and concomitantly induce long-term protective immunity, these
cells are important targets for immunotherapies designed to treat life-threatening fungal
infections.

Introduction

In the waging battles between host immunity and microbial invaders, polymorphonuclear
cells (PMN) or neutrophils are the most numerous cellular soldiers under the host banner.
Neutrophils ward off and eliminate many infections, particularly those caused by fungi. As the
infantry of an inflammatory immune response, neutrophils are often the first leukocytes to
infiltrate infected tissue armed with an arsenal of antimicrobial agents and functions for direct
combat against intruders [1]. Classically defined, neutrophils are terminally differentiated and
short-lived at sites of infection; however, there is a growing appreciation of long-lived neutro-
phils often accompanied by morphological changes [2]. One of these long-lived neutrophil
populations has the morphology of dendritic cells (DCs) and can present antigen to T cells [3].
These neutrophils, given a variety of names including antigen-presenting neutrophils, have
been characterized as a bona fide neutrophil population under the name neutrophil-DC
hybrids since they possess properties of both neutrophils and DCs [4]. We refer to them here
as PMN-DCs.

In a series of studies, highly purified murine neutrophils were shown to differentiate in vivo
and in vitro into cells expressing major histocompatibility complex (MHC) class II, CDl11c,
and other DC markers while retaining neutrophil surface markers [4-6]. These PMN-DCs
have the morphology of DCs, present antigen and promote T cell polarization, while remain-
ing highly phagocytic cells that produce antimicrobials and release neutrophil extracellular
traps (NETs).

PMN-DCs have been observed in humans and mice for decades under a variety of inflam-
matory conditions. In mice, PMN-DCs are characterized as being MHC class II'" and CD11c",
and in humans PMN-DCs express HLA-DR (MHC class II) with differing reports of other DC
markers such as CD40, CD86 and CCR6 [3,4]. PMN-DCs arise under auto-inflammatory con-
ditions such as Wegener’s granulomatous disease, rheumatoid arthritis and in a mouse model
of inflammatory bowel disease [7-9]. In patients with bacterial infection and leishmaniasis,
PMN-DCs have been found in the circulation [10-11]. HLA-DR" neutrophils have also been
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found in tumors of lung cancer patients [12]. Adjunctive therapy with GM-CSF (granulocyte-
macrophage colony stimulating factor) or interferon (IFN)-vy also induces the appearance of
PMN-DCs in human patients [13,14]. While being observed under a variety of inflammatory
circumstances, the role that PMN-DCs play-helpful or harmful—in disease is poorly under-
stood. Because PMN-DCs retain neutrophil microbicidal functions and can polarize inflam-
matory T cell functions [4], we hypothesize that PMN-DCs aid in immunity to infections
where neutrophils and T helper (Th) type 1 and 17 responses are important e.g. fungal infec-
tions [15].

Neutrophils are essential in immunity to many fungal infections including the common
causes of serious and lethal fungal diseases, Aspergillus and Candida species [16,17]. Candide-
mia is the 4™ most common nosocomial bloodstream infection in the U.S., with a mortality
rate of 43% [18,19]. Mortality rates of invasive aspergillosis also exceed 40% [20]. Persons at
greatest risk of serious fungal infections by these and other fungi are patients with cancer or
solid organ transplant, often due to deficiencies in neutrophil immunity [16]. In heart and
lung transplant recipients, incidence rates of invasive fungal infections are as high as 25%, with
90-day mortality rates of 23% [21,22]. In patients with hematological malignancies, rates of
serious fungal infection reach 18%, and mortality rates, 20-30% [23-25].

Most serious fungal infections are treated with antifungal drugs, but antifungals can be
ineffective due to fungal resistance, low bioavailability, toxicity, and limited spectrum of
activity [26]. Due to these limits, immunotherapies are needed. No commercial vaccine
against fungi is available, but some studies have investigated vaccine prevention against
fungal disease [27,28]. Chimeric antigen receptor-modified T cells, a novel therapy for can-
cer patients, may be effective in treating fungal infections [29,30]. Neutrophil-directed ther-
apies have been used to prevent and treat fungal infections, particularly in patients with
neutropenia [31]. Ideally, immunotherapies against fungal infections should enhance
innate killing mechanisms or promote long-term adaptive immunity. Thus, any therapies
that target PMN-DCs would be promising because these cells enact both innate and adap-
tive immunity.

To study the emergence and function of PMN-DCs during fungal infection, we initially
analyzed neutrophils in a murine model of pulmonary blastomycosis, a fungal pneumonia.
Blastomycosis is a pyogranulomatous disease eliciting exuberant, sustained recruitment of
neutrophils [32,33], permitting analysis of small neutrophil populations. Blastomycosis, like
aspergillosis, is usually initiated by inhalation of spores from the environment [34].

Herein, we report that during pulmonary blastomycosis, PMN-DCs expanded and associ-
ated with Blastomyces dermatitidis more frequently than any other leukocyte. PMN-DCs
also killed yeast better than undifferentiated canonical neutrophils. We extended our observa-
tions to other common human fungal infections, aspergillosis and candidiasis, finding that
PMN-DCs emerge in murine models of these infections and kill these fungi better than canon-
ical neutrophils. Additionally, we exploited a neutrophil progenitor cell line to generate a
highly pure population of PMN-DCs without any taxing enrichment procedure. Adoptive
transfer of PMN-DCs, derived from the cell line, reduced fungal burden during murine system
candidiasis. We also used these cell line PMN-DCs to demonstrate that PMN-DCs efficiently
present fungal antigen and prime protective Thl and Th17 responses. In sum, PMN-DCs
expand to a small proportion of neutrophils during infection, but they associate with and kill
fungal cells far better than canonical neutrophils.

Due to the longevity of PMN-DCs and their ability to prime adaptive responses, we believe
that these cells contribute significantly to antifungal immunity and can be harnessed therapeu-
tically as potent mediators of protection.
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Results

Expansion of neutrophils with DC markers and morphology during
pulmonary blastomycosis

Of the copious neutrophils in the blastomycotic lung [32,33], one population is phenotypically
converted into PMN-DCs (Fig 1A and 1B). PMN-DCs were absent from the lungs of naive
mice, but emerged after neutrophils extravasated across the lung capillaries (Fig 1C and 1D,
S1A Fig). The proportion of neutrophils that converted phenotypically to PMN-DCs rose rap-
idly after one day and steadily increased over 14 days (Fig 1C) until mice succumbed of pneu-
monia. The absolute number of PMN-DCs in the lung approached 10° after one week and 10°
after two weeks (Fig 1D) making this population large enough to analyze in this pre-clinical
model.

PMN-DCs that appeared during pulmonary blastomycosis had DC morphology (Fig 1B,
S1B-S1D Fig) and expressed DC markers (MHC class I, CD11¢c, CD80, CD86, CD40)
while retaining neutrophil levels of expression of Ly6G, Ly6C, CD11b, and CXCR2 (Fig 1A,
1E and 1F, S2 Fig). The lack of Siglec F, NK1.1, and F4/80 expression also indicated that the
PMN-DCs observed were not contaminating populations of macrophages or natural killer
cells (Fig 1A, S2C Fig). Overall, these PMN-DCs resembled the characterized neutrophil-DC
hybrids in mice [3-5]. Also, as previously characterized [3,4], PMN-DCs appear to be neutro-
phil-derived and not monocyte-derived because they express Ly6G, a unique marker of
murine neutrophils, and do not express CD115 (macrophage-colony stimulating factor recep-
tor) found on monocytes and monocyte-derived cells (S3a Fig). Additionally, equivalent num-
bers of PMN-DCs appeared in wild-type mice and ccr2”” mice with severe defects in monocyte
recruitment (S3b Fig) [35].

In mice, PMN-DCs express CD11c and MHC class II [4]. In humans, these neutrophils are
defined by expression of HLA-DR (MHC class II), although other DC markers are expressed
[3]. We tracked all neutrophils that expressed either MHC class IT or CD11c during pulmonary
blastomycosis. CD11c" only (MHCII” CD11c") neutrophils were virtually absent, decreasing
in proportion from a minuscule population after day 1 (Fig 1C). MHC class IT* only
(MHCII*CD11c") neutrophils and PMN-DCs (MHCII* CD11c") rose in proportion through
the first week. MHC class IT* only neutrophils showed lower expression of MHC class II than
did PMN-DCs (Fig 1A, S2A Fig), suggesting that this population may be intermediate between
classical neutrophils and PMN-DCs. PMN-DCs expressed MHC class I and co-stimulatory
ligands CD80 and CD86 similar to levels expressed by DCs (Fig 1E and 1F). MHCII" only
neutrophils had low expression of DC markers, further indicating that they may be intermedi-
ately differentiated cells. Additionally, both PMN-DCs and MHC class II" only neutrophils
increased together through the first 7 days of infection and the relative proportions flipped
at day 14 when the number of PMN-DCs surpassed MHC class II'* only neutrophils (Fig 1C
and 1D).

One unanswered question about the biology of PMN-DCs concerns the type of DC that
PMN-DCs most resemble. PMN-DCs, differentiated in vitro, are transcriptionally similar to
DCs differentiated from bone marrow monocytes [4]. We examined the expression of surface
markers that distinguish DC subsets [36]. Not surprisingly, PMN-DCs during early blastomy-
cosis did not express CD8a or langerin found on DCs in lymphatic and skin tissue, respectively
(S4A Fig). PMN-DCs also did not express CD103, which is found on a population of resident
DCs (S4A Fig). Nor did PMN-DCs express the plasmacytoid DC (pDC) markers B220 or
Siglec H; however, a proportion of the MHCII" only neutrophils did express B220, but not
Siglec H, indicating that some cells in this population may be a neutrophil that resembles
pDCs (5§4C and S4D Fig). The monomeric Fc y receptor CD64, expressed highly on
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Fig 1. Neutrophils with DC characteristics (PMN-DCs) emerge during pulmonary blastomycosis. (A) Neutrophil gating strategy showing
representative lung sample 7 dpi with Blastomyces. (B) Canonical neutrophils (CD11b*, Ly6G*, Ly6C™, CD11¢’), PMN-DCs (CD11b*, Ly6G*,
Ly6C™, CD11c*"), and MoDCs (CD11b*, Ly6G’, Ly6C", CD11c") were FACS sorted from Blastomyces-infected lungs at day 7 then stained with a
Hema3 kit for microscopy. (C-D) Kinetic analysis of neutrophil differentiation after intratracheal challenge with Blastormyces showing relative
proportion (C) and absolute numbers (D) of differentiated neutrophils (parent CD11b*, Ly6G*, Ly6C™); the combined population is the sum of all
neutrophils expressing either CD11c or MHC class II. (E-F) Surface expression of neutrophil marker (CXCR2) and antigen-presenting cell markers
(MHC class I, CD80, CD86) on neutrophil populations and moDCs (S1C Fig) indicated by histograms (E) and relative expression (F) as indicated
by mean fluorescence over fluorescence minus one (FMO) control (gray histogram). (G) Expression of CD64 on neutrophil and MoDC
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populations. Representative experiments shown; mean+SEM indicated; N = 3-5 mice/group; C-D show representative experiment from 3 kinetic
experiments; E-G show representative results from at least two independent experiments at 7 dpi with Blastomyces.

https://doi.org/10.1371/journal.ppat.1007073.g001

inflammatory monocyte-derived DCs (moDCs) [37] was expressed by a majority of PMN-DCs
(Fig 1G, S4B Fig). These data support the idea that PMN-DCs are most like moDCs.

A role for PMN-DCs in fungal clearance

While the appearance of PMN-DCs during inflammation and the various functions of
PMN-DCs have been documented [3], the role of these cells during disease is poorly under-
stood. Because PMN-DCs retain microbicidal properties of neutrophils, we investigated the
role of PMN-DCs in killing fungi during infection. We previously created a DsRed strain of
Blastomyces that reports yeast viability e.g. when yeasts are killed they lose DsRed fluores-
cence [35]. In tandem with Uvitex cell wall stain, we tracked live and killed yeast associated
with leukocyte populations during infection (Fig 2A). At 7 days post-infection (dpi), when a
relatively large PMN-DC population expanded, canonical neutrophils had low association
rates with yeast (<0.1%), whereas PMN-DCs had 30-fold higher association rates, showing
up to 3% of PMN-DCs associated with yeast (Fig 2A and 2B). PMN-DCs also killed yeast at
twice the rate of canonical neutrophils (Fig 2A and 2C). Overall, despite amounting to less
than 1% of the lung leukocytes during early infection (Fig 1), PMN-DCs associated with
~5% of the total yeast in the lung (Fig 2D) and accounted for up to 15% of the killed yeast in
the lung (Fig 2E).

Previously, we observed that monocytes and moDCs had high rates of killing but a low
association with B. dermatitidis in vivo [35]. Similarly, we saw that moDCs had a higher rate of
killing compared to PMN-DCs, but much lower association with yeast (Fig 2).

We tracked killing of yeast at an earlier time point, 2 dpi, when PMN-DCs were less estab-
lished. Even earlier in infection PMN-DC:s still had higher association rates with yeast and
killed yeast better than did canonical neutrophils (S5A-S5D Fig). Because uvitex staining
persists on fungi for about 2 days in vivo, we stained yeast before infection allowing us to con-
firm that the high association rate of PMN-DCs with yeast was not a confounding effect of
non-specific intracellular Uvitex staining. Separately, we tracked association of GFP yeast with
PMN-DCs at 7 dpi and found comparable results (Fig 3A).

We considered the possibility that, in vivo, PMN-DCs engulf yeast already killed by neutro-
phils or other cells. To exclude this possibility, we FACS-sorted canonical neutrophils,
PMN-DCs and moDCs from cultured bone marrow leukocytes and incubated these cells with
Blastomyces yeast to investigate direct killing by PMN-DCs. In vitro, sorted PMN-DCs killed
yeast better than sorted canonical neutrophils (S5E Fig), but less well than moDCs, reproduc-
ing in vivo results. Taken together, these data indicate that PMN-DCs represent a significant
leukocyte effector during lethal fungal pneumonia due to blastomycosis.

Mechanisms of PMN-DC killing of fungal cells

Because yeasts were more frequently associated with PMN-DCs than classical neutrophils dur-
ing infection, we asked whether PMN-DCs phagocytose yeast better than neutrophils. To test
this, we challenged mice with GFP-expressing B. dermatitidis yeast and surfaced-stained sam-
ples with calcofluor white, a chitin cell-wall stain, to distinguish extracellular yeast (Calco-
fluor™) from intracellular yeast (Calcofluor”) (Calcofluor is not cell membrane permeable).
PMN-DCs associated much more frequently with Calcofluor™ yeast than did canonical neutro-
phils. About 15% of PMN-DCs associated with yeast had phagocytosed the yeast (Fig 3A).
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Fig 2. PMN-DCs associate with yeast and kill yeast at higher frequencies than canonical neutrophils. Mice were
challenged with DsRed B. dermatitidis, and lungs were harvested at 7 dpi. (A) Representative plots showing canonical
neutrophils, PMN-DCs and moDCs indicating the cells of each population associated with yeast (% Uvitex"). Inset
histograms show Uvitex" events indicating live (DsRed") and dead (DsRed’, % noted) yeast associated with each population.
(B) The proportion of each population associated with yeast as indicated by Uvitex staining. (C) The killing rate—proportion
of Uvitex" yeast that are DsRed". (D) The proportion of total yeast (all Uvitex" events) associated with indicated leukocytes.
(E) The contribution to yeast killing is indicated by the proportion of total killed yeast in the lung (all DsRed Uvitex" events)
associated with each population. Panel A shows a single representative experiment of 4 independent experiments; N = 5
mice; means + SEM indicated.

https://doi.org/10.1371/journal.ppat.1007073.9002
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Fig 3. Phagocyte functions of PMN-DCs. (A-B) Mice were challenged with GFP B. dermatitidis, and lungs were harvested 7 dpi and stained
with calcofluor white to mark extracellular yeast. (A) Representative flow plots showing association of gated leukocyte populations with
extracellular (Calcfluor™, blue) and phagocytosed (Calcofluor’, green) yeast (GFP"). (B) Absolute number (histogram bars) of phagocytosed
yeast by moDCs, canonical neutrophils or PMN-DCs with inset pie chart indicating the proportion of all yeast phagocytosis by leukocyte
populations in the lung. (C) Surface expression of fungal-recognizing pattern recognition receptors on neutrophil populations and moDCs
at 7 dpi with B. dermatitidis. Histograms show FMO controls (gray) and stained populations (red); relative expression of each receptor on
each population. (E-F) Ex vivo staining of neutrophil populations and moDCs with ROS-indicator DHR-123 (C) or NO-indicator DAF-FM
(D). Representative histograms shown on top; proportions of ROS* and NO" on the bottom left and ROS/NO production indicate by MFI
on the right. All experiments are representative of at least two independent experiments. N = 5 mice. Means + SEM indicated.

https://doi.org/10.1371/journal.ppat.1007073.9003

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007073 May 21, 2018 8/32


https://doi.org/10.1371/journal.ppat.1007073.g003
https://doi.org/10.1371/journal.ppat.1007073

@’PLOS | PATHOGENS

Neutrophil-DC hybrids and anti-fungal resistance

PMN-DCs phagocytosed 8-fold more yeasts than canonical neutrophils or moDCs, and
around 40% of all phagocytosed yeasts in the lung were engulfed by PMN-DCs (Fig 3B).

We quantified the expression of pattern recognition receptors (PRR) on the surface of
PMN-DCs during early blastomycosis to discern what may explain the higher association and
phagocytosis rates by PMN-DCs. Dectin-1, Dectin-2, Mincle, mannose receptor, TLR-2, and
TLR-4 are important surface receptors that recognize fungal pathogen-associated molecular
patterns [15]; of these, Dectin-2 is essential for recognizing Blastomyces [38]. We found that
PMN-DCs appearing in response to Blastomyces had higher expression of these PRRs on their
surface than canonical neutrophils (Fig 3C, S6 Fig). Surface expression of Dectin-2, Mincle,
mannose receptor, TLR-2 and TLR-4 on PMN-DCs was equivalent to that on moDCs; how-
ever, PMN-DCs had even greater surface expression of Dectin-1 and Galectin-3 than did
moDCs.

Reactive oxygen species (ROS) and nitric oxide (NO) are important killing mechanisms of
B. dermatitidis and other fungi [16,35,39,40]. To identify the mechanism of fungal killing by
PMN-DCs, we quantified ROS and NO production during blastomycosis. We stained leuko-
cytes ex vivo with dihydrorhodamine-123 and DAF-FM, fluorescent indicators of ROS and
NO respectively [41]. While similar proportions of PMN-DCs and canonical neutrophils pro-
duced ROS, PMN-DCs produced more ROS than canonical neutrophils (Fig 3D). PMN-DCs
also produced more ROS than canonical neutrophils when stimulated ex vivo with {-MLP, a
potent inducer of neutrophil ROS (S7A Fig). Neutrophils produced significantly more NO
than moDCs, but PMN-DCs and canonical neutrophils produced equivalent NO with compa-
rable proportions of NO™ cells (Fig 3E). We also asked whether PMN-DCs could be induced
to produce more NO by stimulating them ex vivo with LPS; we saw no enhancement of NO
production by PMN-DCs versus canonical neutrophils under these conditions (S7B Fig).

These data indicate that PMN-DCs retain neutrophil functions of phagocytosis and produc-
tion of ROS and NO necessary to kill fungal cells. PMN-DCs also display greater surface
expression of PRRs than do canonical neutrophils, possibly contributing to the enhanced fun-
gal killing. The high association rate of PMN-DCs with yeast, combined with antimicrobial
defenses that are as good or better than canonical neutrophils, underscore that PMN-DCs are
significant effectors of immunity to blastomycotic pneumonia.

PMN-DCs in candidiasis and aspergillosis

Because PMN-DCs contribute significantly to yeast killing during pulmonary blastomycosis,
we asked whether they emerge during other fungal infections and contribute to killing. Neu-
trophil immunity is essential for clearing Aspergillus and Candida infections [16]. If the immu-
nity enacted by PMN-DCs endures for these systemic fungal infections, PMN-DCs would be
an important adjunct for cellular immunotherapy against these infections.

We infected mice with A. fumigatus spores intratracheally (IT) to see if PMN-DCs expand
during this infection. Aspergillus spores are rapidly cleared from healthy wild-type mice, so we
looked for neutrophil differentiation at 48 hours when spores are still present in the lung.
PMN-DCs (MHCII*CD11c") differentiated and comprised 0.7% of neutrophils (Fig 4A). We
challenged mice with DsRed A. fumigatus [42] to track association and killing by neutrophil
populations (Fig 4B). As in blastomycosis, A. fumigatus spores associated more frequently with
PMN-DCs and were killed at a higher rate by PMN-DCs than canonical neutrophils (Fig 4C,
S8 Fig).

PMN-DCs expand under inflammatory conditions in a variety of tissues [3,5]. We analyzed
the numbers and differentiation state of neutrophils in a model of systemic candidiasis where
C. albicans is administered intravenously (IV) [19]. The primary target organ of systemic
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Fig 4. Appearance of PMN-DCs and fungal killing by the cells during pulmonary aspergillosis and systemic candidiasis. (A-C) Mice were
infected IT with Uvitex-stained DsRed A. fumigatus spores, and lungs were harvest 48 hours later. (A) Proportions and absolute numbers of
canonical and MHCII" only neutrophils, PMN-DCs (MHCII* CD11c") and moDCs in the lung. (B) Representative plots showing association of
leukocyte populations with live (DsRed*) and killed (DsRed") Aspergillus spores (Uvitex"). (C) Proportion of leukocytes associated with live and
killed spores (top) and killing rate (% DsRed /Uvitex") (bottom) of spores by leukocytes in the lungs. (D-E) Mice were challenged IV with C.
albicans yeast; kidneys, spleens, and peripheral blood were harvested at day 1 or 3 or from naive mice (day 0). (D) Representative plots showing
neutrophils (CD11b*, Ly6G™, Ly6G™, Siglec ") with inset plots indicating the proportion of CD11c* neutrophils expressing MHC class II. (E)
Time course showing absolute numbers of canonical (MHCII' CD11c¢’), MHCII" CD11c¢’, CD11c¢" and MHCII* CD11c" neutrophils in tissues
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during systemic candidiasis. All data are representative of at least three independent experiments. N = 3-5 mice. Means+SEM indicated. For C,
statistical comparisons were among leukocyte populations; for D, statistical comparisons were with Day 0 control.

https://doi.org/10.1371/journal.ppat.1007073.g004

candidiasis is the kidney [43]. We tracked neutrophils and their differentiation in the kidney,
as well as the peripheral blood and spleen, where Candida appears early in infection. After
challenge, CD11c expression was upregulated on neutrophils in the kidney, peripheral blood,
and spleen; however, MHC class II was not greatly upregulated on neutrophils in the kidney
or peripheral blood (Fig 4D). Nevertheless, Candida infection induced significant increases in
neutrophil numbers in these tissues. With the increase in recruitment and differentiation of
neutrophils, the numbers of CD11c¢* or MHCII" neutrophils rose by orders of magnitude by
24 hours post infection (Fig 4E). Thus, these data from pre-clinical models of systemic candidi-
asis, as well as pulmonary infection with Aspergillus or Blastomyces, identify PMN-DCs as
important leukocyte effectors in several systemic fungal infections.

Generating PMN-DCs from a neutrophil progenitor cell line

To further investigate the role of PMN-DCs in antifungal immunity, we exploited a highly
enriched population of PMN-DCs. PMN-DCs have previously been differentiated from pri-
mary neutrophils, but murine neutrophils require feeder cells for in vitro differentiation [4,6].
To obtain a sufficient number of pure or highly enriched PMN-DCs, extensive FACS sorting,
time, and cost are required. These manipulations also jeopardize the quality of the cells. To cir-
cumvent these issues, we generated PMN-DCs from a neutrophil progenitor cell line. This line
is a granulocyte/macrophage progenitor (GMP) that is maintained in progenitor status in the
presence of estrogen by fusing the transcription factor HoxB8 to a truncated estrogen receptor
(ER), and, when removed from estrogen, ~~99% of these GMPs differentiate into neutrophils
[44]. We differentiated GMPs into >95% neutrophils after 4-5 days of estrogen removal, and,
importantly, GMPs did not differentiate down the monocyte/macrophage pathway because no
cells in the neutrophil population expressed CD115 or F4/80 (S9 Fig).

To determine whether the ER-HoxB8 GMPs can be differentiated into PMN-DCs, we cul-
tured GFP-expressing GMPs in the presence or absence of estrogen, then added GM-CSF and
IL-4 with bone marrow feeder cells [6]. When GMPs matured into neutrophils in the absence
of estrogen, a greater proportion and number of neutrophils became PMN-DCs (Fig 5A).
When estrogen was maintained, the cells had no increase in CD11c or MHC class II expres-
sion. Under differentiation conditions for 5 days, nearly 50% of GFP* cells expressed CD11¢c
with some increase in MHC class II expression.

We assessed the function of GMP-derived PMN-DCs. Because primary PMN-DCs associ-
ated more frequently with fungal cells and killed them better than canonical neutrophils, we
generated neutrophils and PMN-DCs and incubated them with Uvitex-stained DsRed A. fumi-
gatus spores. Differentiated PMN-DCs associated with and killed spores at a higher rate than
did undifferentiated neutrophils (day 0) or neutrophils that remained undifferentiated despite
culture with cytokines (day 5) (Fig 5B, lower panel). Notably, PMN-DCs upregulated MHC
class II expression after culture with spores (Fig 5B, upper panel). We also compared GMP-
derived PMN-DCs and undifferentiated neutrophils in their ability to associate with or inter-
nalize fluorescent beads coated with B-1,3-glucan, a fungal cell wall glycan. After 1 hour, less
than 1% of neutrophils were associated with B-glucan beads as compared to over 40% of
PMN-DCs (Fig 5C).

We next optimized culture of GMP-derived neutrophils to obtain higher purities of
PMN-DCs. Since removal of feeder cells is the greatest obstacle to obtaining pure murine
PMN-DCs in vitro, we asked whether feeder cells are necessary in generating PMN-DCs from

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007073 May 21, 2018 11/32


https://doi.org/10.1371/journal.ppat.1007073.g004
https://doi.org/10.1371/journal.ppat.1007073

@'PLOS | PATHOGENS

Neutrophil-DC hybrids and anti-fungal resistance

+Estrogen

-Estrogen

MHC class Il

Frequency

L

L

L

GM-CSF +IL-4
0.70%

No Cytokines
0.096%

Neutrophils PMN-DCs
40.9%
] —
0.88%)|
1 —

Beta-Glucan-Coated A647 Beads
] ‘ 830 ‘759

773918 |6230
37160 3104
Al

CD11c MHC class Il

Starting
Neutrophils

Cultured
with feeders

Cultured
alone

B.

Day 0

MHQ cIasIS 1] .

Day 5 (GM-CSF+IL-4)

] - PMN-DCs

Neutrophils

% Associated with Spores

104

[&)]
1

TR LA
>
>

.Day 0 Neutrophils
DDay 5 Neutrophils
[BIpay 5 PMN-DCs

sorere TXE

Live Spores Dead Spores
E
0.0%
o |-
>
© ||
D 3
i ¥
59.6%
o |3 +0.89
>
© |-
o
E|
~ 7
T
()] o,
O
o
= (D11c

Fig 5. Differentiation of granulocyte/macrophage progenitor (GMP) cell line into PMN-DC:s in vitro. (A) ER-HoxB8 GMP cells
(GFP") were cultured for 4-5 days in the presence or absence of estrogen and then cultured for an additional 5 days with or without
GM-CSF or IL-4 in the presence of bone marrow feeder cells; differentiation of GFP™ cells into PMN-DCs was tracked by CD11c
and MHC class II expression. (B-C) GMP cells were matured into neutrophils (Day 0) or further differentiated into PMN-DCs
(after 5 days with GM-CSF and IL-4 and feeder cells). (B) Undifferentiated (Day 0) or differentiated (Day 5) neutrophils (upper
panel) were incubated overnight with DsRed A. fumigatus spores stained with Uvitex and then analyzed by flow cytometry; the
association rate with live (DsRed") or dead (DsRed") A. fumigatus spores with each population from above plots is shown in the
lower panel. (C) Undifferentiated neutrophils or differentiated PMN-DCs were incubated for 1 hour with B-glucan-coated
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AlexaFluor647 beads and analyzed by flow cytometry for association with cells. (D) Expression of CD11c and MHC class I on
starting neutrophils (Day 0) vs. neutrophils differentiated for 5 days with or without feeder cells (MFI indicated). (E) GMP cells
were matured into neutrophils (Day 0) and differentiated 5-7 days without feeder cells; representative flow plots and images of cells
at day 0, 5 or 7. Mean + SEM shown.

https://doi.org/10.1371/journal.ppat.1007073.9005

the cell line. After maturing GMP cells to neutrophils, we cultured neutrophils with or without
feeder cells in the presence of GM-CSF and IL-4 for 5 days. Remarkably, we saw over 50% dif-
ferentiation into PMN-DCs in the absence of feeder cells with only minor reductions in
CD11c and MHC class II expression (Fig 5D and 5E). Along with induction of DC markers,
we observed morphological changes in the GMP-derived neutrophils from small, round cells
with a segmented nucleus to large cells with membrane projections and mononuclear pheno-
type (510 Fig). To obtain a higher purity of PMN-DCs, we cultured GMP-derived neutrophils
longer with GM-CSF and IL-4. After 7 days, over 90% of cells showed increased CD11c expres-
sion and greater morphological changes (Fig 5E, S10 Fig).

Using ER-HoxB8 GMP cell line to probe PMN-DC immunity

In generating highly purified PMN-DCs from ER-HoxB8 GMPs, we addressed questions not
testable in vivo or with mixed neutrophil populations. By incubating purified PMN-DCs with
C. albicans or B. dermatitidis, we confirmed that PMN-DCs directly kill the fungi. This highly
enriched population of PMN-DC:s killed both C. albicans and B. dermatitidis significantly bet-
ter than did undifferentiated neutrophils (Fig 6A). PMN-DCs killed ~70% of C. albicans after
a 4-hour incubation. Because PMN-DCs kill fungi directly, we analyzed interactions between
fungi and PMN-DCs or canonical neutrophils by scanning electron microscopy. As we noted
above (Fig 3A), PMN-DCs frequently phagocytosed B. dermatitidis, whereas canonical neutro-
phils did not successfully phagocytose this yeast (Fig 6B, S11 Fig). We also observed that
PMN-DCs released NET's against B. dermatitidis and C. albicans (Fig 6B, S11 Fig). Interest-
ingly, NETs released by PMN-DCs appeared to be thicker and associated with more protein-
like material than NETs released by canonical neutrophils (Fig 6C). To further investigate the
role of NETs in killing by PMN-DCs, we induced C. albicans to filament (S11 Fig) before add-
ing canonical neutrophils or PMN-DCs. NETs are known to kill Candida [45,46], and fila-
ments here induced greater NETosis. Although canonical neutrophils killed C. albicans better
after it filamented, the PMN-DC:s still killed C. albicans to a greater degree (>80%) than did
canonical neutrophils (Fig 6A and 6D). To determine the contribution of NETs to killing, we
added DNase to killing assays to degrade NETs. DNase significantly decreased killing by both
canonical neutrophils and PMN-DCs, suggesting that NET's contribute to PMN-DC-mediated
killing of Candida (Fig 6D).

Adoptive transfer of PMN-DCs during systemic fungal infection

A major benefit of deriving PMN-DCs from ER-HoxB8 GMPs is that a large number of highly
pure PMN-DCs are readily obtained without costly or detrimental enrichment procedures.
Thus, adoptive transfer of pure PMN-DCs in numbers is feasible. Because PMN-DCs kill C.
albicans well in vitro, we administered PMN-DCs (or canonical neutrophils) into wild-type
mice with systemic candidiasis to test whether the cells augment antifungal immunity and
have the potential as an adjunctive therapy. A single transfer of PMN-DCs, but not canonical
neutrophils, significantly reduced the fungal burden in the kidneys of mice with systemic can-
didiasis (Fig 6E). Thus, PMN-DCs may be a good candidate for cellular immunotherapy
against invasive fungal infections.
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Fig 6. Direct fungal killing by PMN-DCs and protection by adoptive transfer of PMN-DCs. Canonical neutrophils or PMN-DCs were
generated in vitro from the GMP cell line and co-cultured in vitro with fungi (A-D) or transferred IV into mice (E). (A) Fungal killing by
canonical neutrophils or PMN-DCs during in vitro culture with C. albicans yeast (top) or B. dermatitidis yeast (bottom). (B) Scanning electron
microscopy (SEM) of canonical neutrophils or PMN-DCs alone, with C. albicans or B. dermatitidis, or stimulated with PMA. Higher
magnification images of highlighted boxes are shown to the right of wider image. For interactions with fungi, top images show interactions
between cells and fungi highlighting phagocytosis and attempted phagocytosis; bottom images show NETs. (C) SEM comparison of NET
structure and thickness released by canonical neutrophils or PMN-DCs in response to C. albicans or B. dermatitidis. (D) C. albicans was
incubated for 2 hours to become filamentous before neutrophils or PMN-DCs were added in killing assays in the presence or absence of
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50 pg/ml DNase L. (E) WT mice were infected IV with 10° C. albicans yeast and received 2 x 10° canonical neutrophils or PMN-DCs (or PBS
vehicle) IV 24 hours later. Burden in kidneys shown at 3 dpi. (A, D) C. albicans viability was determined by XTT assay and compared with
neutrophil-absent control to calculate percent killing. (A) B. dermatitidis was plated on BHI agar after to determine number of remaining viable
yeast. Means + SEM are shown. Data are representative of at least two independent experiments.

https://doi.org/10.1371/journal.ppat.1007073.9g006

Presentation of fungal antigen by PMN-DCs

One key function that distinguishes PMN-DCs from canonical neutrophils is the capacity to
process and present antigen and prime T cells. Much of the work investigating antigen presen-
tation has used mixed neutrophil populations (comprised largely of canonical neutrophils) in
in vitro assays with T cells [3]. Investigation of in vivo presentation by PMN-DCs has relied on
presentation of model OVA peptide to OT-II cells [5]. To expand understanding of antigen
presentation by PMN-DCs and investigate fungal antigen presentation by PMN-DCs, we
employed 1807 TCR transgenic CD4" cells (Tg1807) that recognize fungal calnexin from mul-
tiple pathogenic fungal ascomycete species and confer vaccine immunity [28].

To investigate the capacity of PMN-DCs to process and present fungal antigen, we gener-
ated PMN-DCs from GMP cells (as in Fig 5E) and incubated them with recombinant fungal
calnexin. Fungal calnexin induced IL-6 production by PMN-DCs (Fig 7A). PBS vehicle con-
trol, unstimulated PMN-DCs, antigen-pulsed PMN-DCs, or antigen-pulsed bone marrow
DCs (BMDC:s; a positive control) were injected subcutaneously into mice that had received a
transfer of naive Tg1807 cells (Fig 7B). After 7 days, we analyzed the activation of Tg1807 cells
in skin draining lymph nodes. Activated (CD44"CD62L") Tg1807 cells were increased in mice
that had received calnexin-loaded PMN-DCs, but not in mice that had received vehicle or con-
trol PMN-DC:s (Fig 7C). Calnexin-pulsed PMN-DCs induced a 15-fold increase in the number
of Tg1807 cells, and over a 100-fold increase in the number of activated Tg1807 cells in drain-
ing lymph nodes, when compared to recipients of control PMN-DCs (Fig 7D). Delivery of cal-
nexin-loaded PMN-DCs induced an antigen-specific response because the response among
endogenous CD4" and CD8" T cells was undetectable after delivery of PMN-DCs pulsed or
not with calnexin (S12 Fig). Calnexin-pulsed PMN-DCs activated antigen specific T cells as
well or better than calnexin-loaded BMDCs (Fig 7C and 7D, S13 Fig).

We also investigated the recall response of Tg1807 cells that were primed in vivo. Lymph
node samples from the groups were incubated with recombinant calnexin ex vivo for 3 days to
induce cytokine production in primed Tg1807 cells. We analyzed IFN-y and IL-17, which are
important cytokines of CD4+ T cells that promote antifungal immunity [15]. Upon ex vivo
stimulation, cells from mice that had received antigen-pulsed PMN-DCs produced signifi-
cantly more IFN-y and IL-17 than cells from animals that received vehicle control (Fig 7E).

We considered a caveat in our in vivo assay. When antigen-pulsed PMN-DCs were deliv-
ered into mice, other antigen presenting cells could have received the calnexin to present to T
cells, for example through in vivo antigen transfer. To establish that PMN-DCs present cal-
nexin, we mixed PMN-DCs with freshly enriched CD4" T cells from naive Tg1807 mice in in
vitro antigen-presenting assays. Calnexin-loaded PMN-DCs induced robust T cell production
of IFN-y and IL-17, and yeast-loaded PMN-DCs induced strong IL-17 production (Fig 7F, S14
Fig). PMN-DCs in the absence of T cells did not produce IFN-y or IL-17 (S14 Fig).

Several studies have linked T cell production of cytokines with expression of MHC class 11
on neutrophils [3]. One study showed that human memory T cells induced MHC class II
expression on neutrophils (with canonical phenotype) in vitro and that this induction was
dependent on presence of cognate antigen [47]. In our in vitro antigen presentation experi-
ment, we asked whether Tg1807 cells induce expression of MHC class IT on PMN-DCs, partic-
ularly because in vitro derived PMN-DCs tend to have low MHC class II expression (Fig 5).
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Fig 7. Presentation of fungal antigen (calnexin) to transgenic Tg1807 T cells by PMN-DCs generated in vitro from ER-HoxB8 GMP cells.
(A-D) PMN-DCs or bone-marrow DCs (BMDCs) were incubated overnight with or without recombinant fungal calnexin, and the next day 5 x
10* cells were injected subcutaneously into CD90.2 mice that had received adoptive transfer of Tg1807 cells (CD90.1", calnexin-specific CD4" T
cells). One week later skin draining lymph nodes were harvested. (A) IL-6 in supernatants from overnight culture of PMN-DCs or BMDCs with
or without calnexin, n.d,:not detected. (B) Experimental design of delivering calnexin-loaded APCs into mice that had received congenic
Tg1807 cells. (C) Proportion of Tg1807 cells activated in lymph nodes (indicated by CD44" and CD62L"). (D) The absolute number of Tg1807
cells and activated Tg1807 cells for each treatment group (N = 5-6 mice). (E) Lymph node cells (as shown in C-D) were stimulated ex vivo for 3
days with calnexin, and IFN-y and IL-17 assayed in culture supernatants, Ag: antigen pulsed. (F-G) PMN-DCs or BMDCs were incubated
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overnight with fungal calnexin or heat-killed Blastomyces yeast before enriched CD4" Tg1807 cells were added. (F) Presence of IFN-y and IL-17
in supernatants collected after 3 days was determined by ELISA. (G) Expression of MHC class II from PMN-DCs at the end of the assay (Day
11) shown with comparison of MHC class II expression before mixing with T cells (Day 7) and before PMN-DC differentiation (Day 0), MFI
indicated (+SEM). Both in vivo and in vitro experiments were completed independently twice. Statistics: for C-E, statistical significance between
calnexin-loaded PMN-DCs and no antigen controls; for F-G, statistical significance between samples with fungal antigen and unstimulated.

https://doi.org/10.1371/journal.ppat.1007073.9007

We found that PMN-DCs cultured in the presence of T cells had an increase in MHC class II
surface expression, and this expression was slightly enhanced by the presence of calnexin or
killed B. dermatitidis (Fig 7G). In sum, PMN-DCs present fungal antigen and prime T cells.
Antigen-pulsed PMN-DCs primed type 1 and type 17 responses known to be protective
against fungal infections (S15 Fig).

Discussion

Herein, we found that neutrophils trans-differentiate into PMN-DCs during fungal infections.
PMN-DC:s differentiate from canonical neutrophils under local and systemic inflammation in
humans and mice regardless of the inducer of inflammation [3]. We did see greater differentia-
tion of PMN-DCs during pulmonary fungal infection than what has previously been reported
in inflamed murine lungs [5,48]; still, a minor proportion (<2%) of neutrophils became
PMN-DCs. What is remarkable about this relatively small population of leukocytes is their
outsized capacity to associate with and kill fungal cells. PMN-DCs comprised ~1% of the total
leukocytes during pulmonary blastomycosis but accounted for ~15% of the yeast killed in the
lungs. A defining characteristic of PMN-DCs is that they retain neutrophil antimicrobial func-
tions even after evolving into antigen-presenting cells [4]; nevertheless, PMN-DCs associated
with fungal cells and killed them at higher rates than canonical neutrophils.

PMN-DCs have been observed under various settings, including infections such as Leish-
maniasis [11], autoimmunity in the joints of arthritis patients [8], tumors [12] and allergic
response [5]. Despite their presence in these maladies, no clear functional role has been dem-
onstrated for PMN-DCs in resolving or exacerbating disease. PMN-DCs might promote
inflammatory bowel disease or anti-tumor immunity since PMN-DCs from the bowel or
tumors can present antigens, including tumor antigens, ex vivo [9,12]. However, whether
PMN-DCs play a direct role in damage or microbial killing has been overlooked because
their population size is small compared to canonical neutrophils that possess these same
functions. We used two powerful tools including DsRed fungal strains and a neutrophil pro-
genitor line to compare fungal killing between canonical neutrophils and PMN-DCs. The
DsRed fungal strains allowed us to identify leukocytes that kill fungi in vivo [35,42]. We gen-
erated high purity (>90%) PMN-DCs by culturing and differentiating a GMP cell line [44].
Our results with DsRed fungi and cell line-derived neutrophils indicate that PMN-DCs are
highly effective killers of fungi and major contributors to antifungal immunity. We also dem-
onstrated that adoptive transfer of PMN-DCs ameliorates disease by significantly reducing
fungal burden.

Mechanisms of enhanced killing

During pulmonary blastomycosis, PMN-DCs associated with yeast better than any other
leukocyte. Yeast association rates were nearly 100-fold greater for PMN-DCs compared

to canonical neutrophils. Association rates with A. fumigatus spores also were much higher
for PMN-DCs than for canonical neutrophils both in vivo and in vitro. One explanation
for this finding is the higher expression of surface PRRs on PMN-DCs than canonical
neutrophils.
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PMN-DCs retain the neutrophil feature of high phagocytic capacity [3]. Bone marrow-
derived PMN-DCs phagocytose bacteria at the same rate as canonical neutrophils, but engulf
latex beads at much higher rates [4]. Murine PMN-DCs that emerge during peritonitis phago-
cytose E. coli better than other peritoneal neutrophils or DCs [5]. Also, HLA-DR" neutrophils
enriched from the peripheral blood of patients phagocytose Leishmania promastigotes better
than HLA-DR™ neutrophils [11]. We tracked phagocytosis in vivo and found that PMN-DCs
phagocytosed many more yeasts than canonical neutrophils, accounting for ~240% of the
phagocytosed yeast in the lung. By using cell line-derived PMN-DCs, we confirmed that
PMN-DCs phagocytosed yeast more efficiently than did canonical neutrophils. The increased
size of PMN-DCs probably promotes enhanced phagocytosis, as particle size physically con-
strains phagocytosis [45]. At 8-10 um, B. dermatitidis yeast are nearly as large as canonical
neutrophils [49], so that larger PMN-DCs (~20 um) are better able to phagocytose B. dermati-
tidis and other larger organisms such as Leishmania promastigotes.

ROS and NO are essential neutrophil products for killing fungi [1,17,40]. PMN-DCs are
known to produce ROS, but to our knowledge, we report the first instance of NO production
by PMN-DCs. We found that NO production was similar for PMN-DCs and canonical neu-
trophils, whereas ROS production was greater in PMN-DCs than canonical neutrophils. Two
studies of human HLA-DR™ neutrophils noted enhanced ROS production after in vitro stimu-
lation [11, 50]. We, too, saw that PMN-DCs from Blastomyces-infected lungs produced more
ROS than canonical neutrophils when stimulated ex vivo with f-MLP.

NETs are a neutrophil defense against large organisms such as filamentous fungi [45]. Can-
dida and other fungi pathogens are susceptible to killing by NETs [46]. PMN-DCs release
NETs in response to PMA [4], and we show that fungi also induce NETosis by PMN-DCs.
Because fungal killing was reduced in the presence of DNase, NET's from PMN-DCs appear to
play a role in fungal killing. We also noted that NET' released by PMN-DCs appear thicker
and have larger aggregates of protein-like material than NETs from canonical neutrophils; it is
possible that NETs made by PMN-DCs could be laden with more antimicrobials and display
greater killing potential.

In sum, in the context of fungal infection, PMN-DCs have similar or enhanced antimicro-
bial functions compared to canonical neutrophils. Increased surface PRR expression, phagocy-
tosis, ROS production, and NETosis after differentiation into PMN-DCs likely explain how
PMN-DCs associate with and kill fungal cells so effectively.

PMN-DCs in immunity against aspergillosis and candidiasis

The most common, life-threatening fungal infections are caused by Asperigillus and Candida
species [21]. We investigated the expansion of PMN-DCs in murine models of pulmonary
aspergillosis and systemic candidiasis. Wild-type mice rapidly clear Aspergillus in the lung;
however, wild-type mice quickly die with systemic candidiasis [43]. During pulmonary
aspergillosis, we saw robust expansion of neutrophils that expressed both CD11c and

MHC class IT and killed spores with greater efficiency than did canonical neutrophils and
moDCs. During systemic candidiasis, neutrophil differentiation was incomplete with few
CD11c*MHCII" appearing particularly in the primary target organ, the kidney. Because in
vitro differentiated PMN-DCs kill C. albicans efficiently in vitro, the limited numbers and
differentiation of PMN-DCs during systemic candidiasis may contribute to the eventual
mortality. In this regard, it is noteworthy that adoptive transfer of fully differentiated
PMN-DC:s significantly decreased C. albicans in the kidneys. PMN-DCs may offer cell ther-
apy strategies to be studied for improving outcomes during systemic candidiasis or pulmo-
nary aspergillosis.
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Generation of PMN-DCs from a neutrophil progenitor cell line

Investigations of PMN-DCs have been greatly limited by the difficulty in obtaining a large
source of pure PMN-DCs. Studies investigating PMN-DCs in murine models have either used
mixed populations of neutrophils or relied on FACS sorting [4,5,9]. Work with murine
PMN-DCs is also complicated by the fact that primary neutrophils require feeder cells to dif-
ferentiate in vitro [4,6]. To circumvent these issues, we employed a GMP cell line to produce
neutrophils that we then differentiated into PMN-DCs [44]. This cell line was a continual, con-
sistent source of PMN-DCs that did not rely on an animal source. Additionally, we successfully
generated PMN-DCs without the use of feeder cells, greatly simplifying their production.

PMN-DCs generated from the GMP cell line resembled PMN-DCs differentiated from
bone marrow neutrophils [4]: they displayed high amounts of CD11c, an increase in surface
MHC class II, and morphological changes consistent with differentiation into a DC-like cell.
The cell line-derived PMN-DCs were also functionally similar to in vivo PMN-DCs e.g. they
associated with and killed fungal cells better than canonical neutrophils. Further, generating
PMN-DCs from a cell line increases the feasibility of experiments probing the biology of
PMN-DCs. For example, we verified that PMN-DCs directly kill fungal cells and produced
NETs in response to fungi. We also used GMP-derived PMN-DC:s to investigate presentation
of fungal antigen and polarization of T cell responses. Finally, by using the cell line, we
obtained enough pure PMN-DCs to show that adoptive transfer of PMN-DCs conferred
immunity to systemic candidiasis.

Presentation of fungal antigen

While human neutrophils have been shown to present disease-associated antigens to T cells in
vitro, studies of murine neutrophils have been limited to presentation of OVA peptide to OT-I
and OT-II cells [3,12,47]. We used Tg1807 CD4" T cells, which recognize the pan-fungal anti-
gen calnexin and confer protective immunity against various fungal infections [28]. Delivery
of calnexin-pulsed PMN-DCs activated Tg1807 cells in vivo and promoted Th1l and Th17
recall responses. PMN-DCs given either recombinant calnexin or heat-killed B. dermatitidis
also presented antigen to Tg1807 cells in vitro inducing production of IFN-y and IL-17. While
this confirms prior studies that murine neutrophils polarize Th1 and Th17 in vitro [5,9,50],
type 1 and type 17 responses are essential for protective immunity against fungal infections
including candidiasis, aspergillosis and blastomycosis [15]. By showing that antigen-pulsed
PMN-DCs induce Thl and Th17 in antigen-specific T cells, we unveil a role for PMN-DCs in
arming adaptive immunity concomitantly while directly killing fungi (S15 Fig).

T cells, by producing cytokines, are implicated in inducing neutrophil differentiation into
PMN-DCs. Human mucosal innate T cells induce PMN-DC differentiation in vitro and this
differentiation is inhibited by neutralizing antibodies against T cell-produced cytokines [51].
Human memory T cells induce MHC class II expression on autologous neutrophils in vitro,
but only in the presence of cognate antigen [47]. Murine T cells in the absence of antigen
induce MHC class II expression on neutrophils in vitro [52]. We too looked at MHC class II
expression in PMN-DCs differentiated from the GMP cell line. Like PMN-DCs generated
from bone marrow neutrophils, GMP-derived PMN-DCs have low expression of MHC
class IT* after differentiation. MHC class II expression increased significantly in the presence
of T cells, although expression was only slightly increased after concomitant incubation
with cognate antigen. We also noted increased MHC class II expression 